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B. HERTZMAN, PH.D.
Preliminary reports from this laboratory (1) have emphasized the relationship
between the regional rates of insensible water loss and the vapor pressure of the
skin. Skin vapor pressures were calculated from the equation developed for
determination of skin humidity. Evidence indicates that calculation of skin
vapor pressure from skin temperature alone, disregarding the role of relative
humidity of the skin, is not valid.
Folk (2) recently reported that as much as 37 cc of water penetrated the skin
of the foot covered with wet socks over a 10 hour period, or a mean rate of about
.044 mg/cm2/min. Experiments with impermeable barriers enclosing the foot at
various distances from the skin surface indicated that less water accumulates
when a "near" barrier is used. Further studies in which sweat chloride was
used as an index of sweat secretion led him to the conclusion that the decreased
accumulation of water in the "near" barrier was due to "repenetration" rather
than to suppression of sweating.
Studies on the movement of water through the skin have been extended to the
investigation of the relation between skin hydration and active sweat secretion.
The experimental evidence presented in this paper has significant bearing on
the interpretation of the above reports. The present paper deals primarily with
the relation of skin hydration to insensible water loss and to active sweat secre-
tion on the palm and sole.
EXPERIMENTAL PROCEDURES
1. Following adequate control determinations of active sweat gland activity
using the iodine-starch-paper technic (3), the hand or foot was immersed for
varying periods of time in water or in solutions of varying sodium chloride
concentration. After the period of hydration, sweat prints were compared on the
hydrated and control sides.
2. Water uptake of the skin was measured by gravimetric determination of
weight changes in water-filled capsules held firmly against the skin. After trying
several methods involving sealing of the capsule to the skin, it was found that
the procedure of holding the capsule tightly against the skin was the most ac-
curate. Water remaining on the skin surface after removal of the capsule was
absorbed by a previously tared disc of blotter paper, and was weighed along
with the capsule.
3. The relation between the rates of insensible water loss and active sweating
was studied in hydrated and non-hydrated skin areas using the desiccating cap-
sule and iodine-starch-paper technics simultaneously (4).
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In all experiments involving hydration, the skin was thoroughly dried with
towels following the period of immersion and just prior to the application of the
first post-hydration capsule.
RESULTS
1. Inhibition of sweating by hydration of the skin
Figure 1 illustrates the effect of a 45 minute immersion in water at 33°—35°O
on palmar sweating. Sudomotor reflexes were elicited by loud noises, deep
breaths, etc. They were active on both palms before immersion and present
only on the control palm after immersion. The striking inhibition of palmar
sweating in the hydrated hand which usually resulted from immersion is well
illustrated in this experiment. Similar anidrosis from various types of injury has
been reported by Shelley and Horvath (5).
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Fia. 1. Sweating responses on the palms before and after immersion in water at 33°—35°C.
The duration of the immersion was 45 minutes.
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The plantar surface, when similarly immersed in water, generally showed
reduction of active sweating and frequently almost total suppression. The period
of hydration was associated with the familiar furrowing of the skin and the
presence of turgor in the palm. These striking responses led to the investiga-
tions which are described below and to the working hypothesis presented in the
discussion.
Osborne (6) has reported that swelling of the skin occurs when it is soaked in
water or in sodium chloride solutions, unless very high saline concentrations
are used. We have tested the effects of immersing the finger pads in distilled
water and in solutions of various saline concentration. The following correla-
tions obtained: (a) sweating on the fingers immersed in saturated and 20 %
sodium chloride solution was comparable throughout to that on the control,
non-hydrated finger; (b) suppression of sweating was most marked in the finger
immersed in distilled water; (c) the degree of sweat suppression correlated in-
versely with the concentration of the sodium chloride solutions; (d) the time
required for return to the control level of sweating was related to the degree of
suppression of sweating; (e) sweating recovered more rapidly in the fingers im-
mersed in the saline solutions; (f) complete recovery of sweating on the finger
immersed in water was frequently delayed 60 to 90 minutes.
. Uptake of water by the skin
In a direct approach to the question of water uptake by the skin, water-filled
capsules of 2 cm2 area were held firmly against various skin regions. Water up-
takes were determined gravimetrically for periods of 20—40 minutes. Table 1
TABLE 1
Mean rate of water uptake in various skin areas, in mg/cm'/min. Total period of uptake varied
from 20-40 minutes
Subject Mid-Palm Hypothenar Forearm
WA .45 .12
WA .52 .12
WA .10
QC .50 .41 .21
QC .96 .62 .29
QC .52 .43 .14
QC .30
CII .45 .47 .24
CII .25
CII .38
CNP .60 .50 .29
WCR .42 .46 .20
WCR .17 .18 .12
WCR .24 .26 .16
WCR .76
WCR .33
Means .44 .44 .18
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FIG. 2. The time course of water uptake by forearm and palmar skin from a capsule
having a surface area of 2 cm2.
is a summary of results on five subjects. Consistent differences were observed
between the amount of water taken up by the palm as compared with forearm
skin. Mean values indicated an average water uptake by pahnar skin 100 % greater
than that of the forearm skin. Unfortunately we do not have, as yet, comparable
data on the foot; however, if our data on the palm may be compared with those
of Folk on the foot (2), it is interesting to note a ten-fold greater water uptake
in our experiments. It is important to emphasize, however, that our rates were
obtained during 20—40 minute exposures of the skin to the water-filled capsules.
Assuming that the water uptake in these experiments is a phenomenon com-
parable to the "repenetration" defined by Folk (2) and that the process would
continue at a uniform rate over long periods of time, it follows that as much as
350 grams of water would penetrate the foot in a ten hour period. This compares,
however, with 37 grams actually taken up in Folk's experiments in ten hours.
This apparent discrepancy led to the investigation of the time course of water
uptake by the skin, in which water uptakes were measured in successive 5
minute capsules. Preliminary results on three skin areas are illustrated in Figure
2. The initial rate of water uptake was high in all areas and then declined rapidly.
This implies that the maj or water uptake occurs in the first few minutes of
exposure and that equilibrium conditions are attained rapidly in prolonged
experiments. Hence, the rates of water uptake as calculated from the data of
this report and as based on short exposure periods are not necessarily incom-
patible with rates reported by Folk, rates which are based on 10 hour exposure
periods. (The variation in rates of water uptake in Table 1 is related in part to
variation in duration of exposure.)
The data in Table 1 may be re-calculated to show that as much as 25—30
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grams of water may be taken up by the hand in one hour. This value is com-
parable to the amount reported by Folk (2) as taken up by the foot during a
ten hour exposure period. One may infer, therefore, that the phenomenon of
"repenetration" does not involve a "high" rate of removal of water which has
entered the epithelium. If such a process were dominant, the time course of
water uptake would tend to be linear. If, on the other hand, the phenomenon of
water uptake were an instance of absorption in the epithelial layers, one would
expect a curvilinear time course of water uptake with a rapid initial phase.
Figure 2 illustrates that such is the case, with the greater rates occurring in the
areas which exhibit greater cornification. In other experiments it has been shown
that the plateau which appears after the initial rapid water uptake continues
for at least 2 hours.
The importance of a process of epithelial absorption of water in accounting
for the water uptake is suggested by other data. Thus it is known that keratin
is a hydrophilic colloid and that such colloids absorb water and swell. It has
been suggested that the relative humidity of the skin may be a measure of its
water content (7). This is supported by the observation that the rate of insensible
water loss increases with the thickness of the stratum corneum (8). Further, it
has been shown that the regional variations in the rate of insensible water loss
correlate with calculated regional skin humidities (1). The data of the present
report indicate that the highest rates of insensible water loss occur in the most
highly cornified skin areas.
3. The relation between hydration and water loss from the skin
If hydration of skin involved storage of water in the stratum corneum, and if
this affects the relative humidity of the skin, one would expect increased loss of
water by diffusion (insensible water loss) from these hydrated areas. Accordingly,
experiments were carried out on forearm and palmar skin to investigate water
losses following hydration. Environmental conditions were such that thermo-
regulatory sweating was absent; the absence of psychic sweating on the palm
was demonstrated by continuous recording of the sweat prints. Figure 3 illus-
trates the changes in insensible water loss following a period of hydration. One
may note the ten-fold difference in the magnitude of insensible water loss between
the palm and forearm during the control periods. Very large increases in the
rate of insensible water loss occurred in both areas during the first 20 minutes
after hydration. The succeeding capsule showed a decrease in rate from the
maximum, but was still higher than the control value. The third post-hydration
capsule showed return to the control level on the forearm. Other experiments
confirm these data, and indicate continuance of the insensible water loss at the
control rate for periods up to 2 hours. However, only a small further decrease
was observed in the palm, indicating a slower return to control rates. These
data suggest a correlation between the rates of insensible water loss, both before
and after hydration, and the thickness of the stratum corneum. It is also of
interest to note that the more highly cornified palmar skin showed a slower
return to normal.
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FIG. 3. Insensible water loss from the hypothenar area and forearm before and after
hydration as measured by the desiccating capsule technique. Simultaneous use of the
iodine-starch-paper technic revealed the absence of sweat gland activity.
Further studies have been carried out under conditions in which thermal
sweating occurred. Figure 4 shows the relation between the water loss determined
by capsule technique and the sweat gland counts on the palm and dorsum of the
hand, before and after hydration. In the control periods, there was good correla-
tion between high rates of water loss and high sweat counts on the palm, and
between low rates and low counts on the dorsum. Following hydration, even
though the sweat gland counts were markedly reduced on the palm and slightly
reduced on the dorsum, the rates of water loss were increased in both areas. On
the palm, despite the progressive recovery of active sweating, a continual decline
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Fio. 4. Simultaneous measurement of water loss and number of active sweat glands on
the palmar and dorsal surface of the hand and plantar and dorsal surfaces of the foot be-
fore and after hydration.
in the rate of water loss occurred over the next 50 minutes. On the dorsum of
the hand, following the first post-hydration capsule, water loss remained constant
for 40 minutes at a rate below the maximum, but well above the control level.
During this time the number of active sweat glands rose considerably above
the control level.
A similar experiment on the sole and dorsum of the foot is also illustrated
in Figure 4. In this experiment, however, marked thermal sweating was induced
on the dorsum by high ambient temperatures (39°—42°C). Active sweating
increased the water output from the dorsum during the control period, while
sweating was only slight on the plantar surface. In spite of these differences in
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TABLE 2
Water losses from the skin before and after hydration
A Insensible Rate Total Water Total Recovery of Per CentSubject rca mg/cm'/min Uptake, mg Water, mg Recovery
Single capsule experiments
J. A.
J. A.
W. A.
W. A.
W. A.
J. A.
J. A.
W. A.
W. A.
W. A.
C. H.
Q.C.
C. H.
Palm
Forearm
.10
.09
.08
.08
.095
.01
.015
.015
.015
.04
.028
.05
.035
15.5
19.5
62.3
74.7
62.3
8.1
10.3
17.4
15.0
15.5
19.7
17.5
14.7
5.97
4.77
37.9
41.8
20.7
1.02
2.57
5.6
4.78
2.56
3.58
4.86
2.14
38
24
61
56
33
Ave. 43
12.5
25
32
32
16.5
18
28
14.5
Ave. 22
Two chamber capsule experiments
C. P.
C. P.
A. H.
W. R.
W. R.
Palm .06
.14
.06
.11
.10
6.8
10.6
4.1
13.8
5.6
3.45
5.9
1.1
8.91
3.20
51
56
27
65
57
Ave. 51
active sweating, water loss from the sole was considerably higher than that
from the dorsum, again indicating a high rate of diffusive water loss from a
highly cornified skin area. Several interesting features are shown by the data
following the period of hydration. There was a progressive but small increase
in water loss from the dorsuni, associated with increasing sweat gland activity.
It should be noted that during this period the ambient temperature was also
rising. It is very significant that thermal sweating in this area did not appear
to be suppressed by hydration. On the sole, however, despite an almost total
absence of sweat gland activity, the rate of water loss was more than doubled
following hydration. In the two succeeding capsules in this area despite the
gradual appearance of active sweating, the rate of water loss fell rapidly to
approximately the control level. Then, as sweating continued to increase, water
loss rose proportionately.
Since there is at least temporary storage of water in the stratum corneum
following hydration, and since there is a significant increase in insensible loss of
water from an area immediately following hydration, an attempt was made to
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Fia. 5. Design of two-chambered capsule used for studying 1atera movement of water
in stratum corneum. See text for details.
compare quantitatively the water uptake with the increase in insensible loss.
This was done by the application of desiccating capsules immediately following
hydration. The increase in insensible loss was compared with the total amount of
water taken up by the skin during hydration. Table 2 summarizes the results of
these experiments and indicates that approximately 40% (range 24 to 61 %) ofthe
water of hydration could be recovered in this manner from palmar skin. This
table further illustrates the differences in amount of water uptake by palmar
and forearm skin. Under comparable environmental conditions and duration of
exposure, the uptake was roughly paralleled by a greater per cent recovery of the
water of hydration from palmar skin.
Thus a greater uptake and a greater percentage recovery are demonstrated
from areas of thicker epidermis and higher keratin content. If these phenomena
are related to the colloidal properties of keratin (9, 10) it is possible that water
might spread laterally into adjacent areas. Such water would not be recovered by
desiccating capsules placed precisely over the area of hydration. A two-cham-
bered capsule was therefore prepared (Figure 5) in which the separate but
simultaneous evaporative rate could be measured in adjacent skin even during
application of the hydration capsule. The following protocol of such an experi-
ment illustrates the occurrence of lateral spread into immediate adjacent skin.
Time Rate of Insensible Water LossmgmJcm'/min.
mis.
0—10
10—20
20—30
30—35
35—40
40-45
0.059
0.054
0.056
Hydrated area Adjacent area
—
0.331
0.147
0.136
0.110
0.051
Application of several successive capsules following hydration revealed that
elevated insensible evaporative rates are of short duration in adjacent areas,
AREA OF INNER CAPSULE = 13 CM
AReA OF OUTER RING 9,7QM
t
BLOTTER
HYDRATING
CAPSULE
-F
BLOTTER
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but that elevated rates may persist for twenty to thirty minutes from the hy-
drated area.
Thus significant lateral spread of water has been demonstrated. The total
recovery of water was increased to an average of 51 % (range 27 to 65%) on
the palm. Use of a capsule containing three chambers, in which still further lateral
spread may be detected, has resulted in further improvement in recovery so that
as much as 70 to 80 % of the water of hydration may be recovered as increased
insensible loss from the hydrated skin. This may be compared with an upper
maximum of 40 to 50 per cent from forearm skin.
It appears, therefore, that approximately 70—80% of the water of hydration
may be stored temporarily in palmar epidermis only to be lost through increased
insensible evaporation. The following possibilities may account for the remaining
20 to 30%:
1. Physico-chemical binding by hydrophilic colloids iii the stratum corneum
(10).
2. Transfer across the skin into the deeper tissues.
3. Transfer into the vascular and lymphatic drainage of the skin.
Recent data of Buettner (11) appear to demonstrate the possibility of water
transport even against an osmotic gradient.
DISCUSSION
If our concept of hydration as a phenomenon involving storage of water in
the outer layers of the skin is correct, the uptake of water by the foot, as re-
ported by Folk, is open to interpretation other than that of "repenetration."
The possible inward passage of water from the surface of the skin by way of the
sweat duct does not appear feasible. Assuming optimum conditions for the inward
transfer of water through the sweat ducts, it has been calculated that the maxi-
mum rate, assuming 400 glands/cm2 and an average duct diameter of 30 micra,
would be 2.8 mgm per minute for the entire foot. The measured uptake as re-
ported by Folk (2) amounted to approximately 61 mgm/minute, while the
maximum uptakes for the hand in this report were as high as 560 mgm/minute.
Therefore it is inconceivable that significant penetration of water via the sweat
ducts can occur.
The remaining possible route of repenetration is by way of diffusion. If the
latter is to operate, there must be a corresponding vapor pressure gradient.
Since Folk has demonstrated that such a gradient does not exist between wet
socks and the tissue fluid beneath the corneum, net water movement by diffusion
from the socks to the deep tissues cannot occur. This is supported by the time
course of water uptake as described above in section 2. However, in both studies,
there is conclusive evidence that water does enter the skin. Therefore, a vapor
pressure gradient must exist between the socks and some layer of the skin super-
ficial to the deep tissues. Calculations of the vapor pressure of the most super-
ficial skin layer, based on skin humidity determinations, indicate that such skin
vapor pressures may be as low as 12 mm Hg. This would account for a vapor
pressure gradient between the socks and the corneum in Folk's experiments, and
HYDRATION OF THE SKIN 469
between the water capsule and corneum in our experiments. These considera-
tions are supported by evidence that a barrier layer to water movement exists in
the skin at the level of the stratum granulosum or stratum lucidum (9, 10).
Below this barrier layer, the cells in the spinosum contain approximately 70%
water, while cells above this barrier zone show a gradient from 40 % water con-
tent in the deep corneum to 10% in the surface layers (9, 12, 13).
The fact that sweating on areas of high cornification (e.g., palm and sole) is
inhibited by hydration is established by these experiments. Such inhibition is
markedly less or is absent on areas of low cornification.
At the moment, the only available explanation of the inhibition of sweating
accompanying hydration would appear to be along the following lines. The
architectural arrangement of the sweat canal and its wall (14, 15) suggests
the working hypothesis that when hydration takes place, swelling of the cells
lining the sweat canal results in simple mechanical obstruction of the duct. This
concept of inhibition of sweating is supported by the following observations:
1. The hydration of highly cornified skin areas was characterized by swelling
obvious to the naked eye and was absent or greatly reduced on areas of low
cornification.
2. When concentrated saline solutions were used as the immersion bath,
swelling did not appear, and sweating was not inhibited. Varying degrees of
inhibition of sweating were observed with graded concentrations of sodium
chloride solutions. This phenomenon may have been the result of depression of
the vapor pressure gradient by sodium chloride.
3. Following a period of hydration in which sweating is suppressed, the rate
of insensible water loss increased markedly, resulting in a rapid loss of the water
of hydration from the corneum. As the rate of insensible water loss decreased
during the recovery period, indicating a lower water content of the corneum,
sweating reappeared.
CONCLUSIONS
1. The uptake of water by the skin when immersed in various solutions is
primarily a process of hydration of the stratum corneum.
2. The amount of water uptake on the palm and sole exceeds that on other
skin areas and appears to be related to the amount of cornification of the skin.
3. The rate of water evaporation from the skin surface is increased by the
hydration of the stratum corneum. This is true in the presence or absence of
sweating.
4. Hydration of the stratum corneum tends to inhibit sweating on the palm
and sole, the amount of inhibition being related directly to the amount of hydra-
tion.
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